Cell size is a defining characteristic central to cell function and ultimately to tissue architecture. The ability to sort cell subpopulations of different sizes would facilitate investigation at genomic and proteomic levels of mechanisms by which cells attain and maintain their size. Currently available cell sorters, however, cannot directly measure cell volume electronically, and it would therefore be desirable to know which of the optical measurements that can be made in such instruments provide the best estimate of volume. We investigated several different light scattering and fluorescence measurements in several different cell lines, sorting cell fractions from the high and low end of distributions, and measuring volume electronically to determine which sorting strategy yielded the best separated volume distributions. Since we found that different optical measurements were optimal for different cell lines, we suggest that following this procedure will enable other investigators to optimize their own cell sorters for volume-based separation of the cell types with which they work.
Introduction
Clarifying relationships between cell cycle and cell growth is essential to understanding both normal and abnormal cell size, tissue architecture and organogenesis [1] . Recent studies in bacteria and yeasts provide evidence for mechanisms that regulate cell size [2, 3] ; a molecular basis for doing this in fission yeasts has been proposed [4, 5] . In multicellular organisms, external factors may affect and regulate growth, proliferation and size; however, others' work on various animal cell types [6] and our recent studies of proliferating lymphoblastoid cells [7] suggest that mammalian cells must possess an cell-autonomous size regulation mechanism.
At present, the molecular nature of such a mechanism in animal cells is completely unknown, and its elucidation at genomic, proteomic and biochemical levels would be facilitated by use of a rapid method of separating large subpopulations of cells based on precise size measurements. In principle, it should be possible to use flow cytometric cell sorting [8] , a technique now available in many laboratories, for this purpose.
The closest approximation to a ''gold standard'' for cell size determination employs electronic measurement (the Coulter principle). Since cells are poor conductors of electricity, the passage of a cell through a saline-filled orifice will transiently increase the impedance of the orifice, in proportion to the volume of saline displaced, and the Coulter volume measurement thus obtained is relatively independent of the shape of the cell. Although the now-standard method of sorting by droplet charging and deflection was first implemented in an apparatus that measured cell volume by impedance [9] , the commercial cell sorters now available make only optical measurements. Which of these provides the most precise indicator of cell size may vary with cell type and also with the optical and electronic characteristics of the sorter. The procedure we describe here makes it possible to determine which optical measurement parameter(s) on a sorter is or are best for measuring the size of a given cell type, and what level of precision in size measurement can be attained, by making Coulter volume measurements of sorted cell fractions.
Modern cell sorters typically measure light scattered at small and large angles to an illuminating laser beam. The intensity of light scattered at small (0.5-2 degree) angles (forward scatter, abbreviated as FALS or FSC) is, according to Mie theory, determined to a substantial extent by the size of the scattering particles. Although FSC measurements, specifically the integral ("area") of a FSC pulse (FSC-A) are commonly described (e.g., on the web sites of institutional sorting facilities) as indicative of cell size, numerous publications, including textbooks on flow cytometry [8, 10, 11, 12] stress that such measurements are also influenced by the refractive index difference between particles and fluid, by absorbing substances inside cells or particles, and by the optical design of the FSC measurement system. In fact, FSC intensity has been demonstrated to increase monotonically with particle size in some instruments and not to do so in others [8, 13, 14] . The intensity of light scattered at large (15 to 135 degrees) angles (side scatter, abbreviated as SSC) is demonstrably affected by the composition or complexity of the cell. Any internal and surface irregularities, including cytoplasmic granules, vesicles, and other organelles and membrane roughness will typically contribute to SSC signals. SSC intensity also, however, increases with particle size, other things being equal, and has been shown to be well correlated with the intensity of fluorescence measured from dyes that stain most or all of the total protein in fixed cells from both pro-and eukaryotes [8, 15] . SSC has not been commonly used as a measure of cell size in flow cytometers, but has in apparatus designed for analysis of other particulates in air and liquids.
Many flow cytometers and sorters now in use focus an illuminating laser beam to an elliptical spot at the intersection of the beam and sample stream, with an axial dimension (beam height) smaller than a typical cell diameter oriented in the direction of sample flow. The durations ("widths") of the scatter and fluorescence pulses generated by cells' passage through such a tightly focused beam are therefore longer for cells of larger diameter, provided cell diameter is larger than beam height, and are described as representing the time of flight ("TOF") of the cell through the beam. The integral ("area") of a pulse provides an indication of the total amount of scattering or fluorescing material in a cell; the maximum intensity value ("peak" or "height") of a pulse provides an approximate measure of the highest concentration of scattering or fluorescing material. In older flow cytometers, pulse widths, heights, and areas were measured directly using digitally controlled analog electronics. In many newer ones, signal streams from the detectors are digitized at much higher data rates, allowing 16 or more samples of each pulse to be collected. The pulse height is equal to the maximum value among these samples; the area (integral) is computed from their sum, and a measure of pulse width is derived from the quotient of the area and the height. Pulse width (typically of an FSC signal) is most often used to discriminate cell doublets from single cells, but it has long been recognized as providing size information (see the detailed discussion in [16] .
Although the multiparameter fluorescence measurement capabilities of flow cytometers make it possible to quantify a dozen or more intrinsically fluorescent cell constituents and/or fluorescently labeled macromolecules in or on a single cell, using excitation sources and detectors covering a broad range of wavelengths, fluorescence measurements have not been extensively evaluated as indicators of cell size. In addition to examining forward and side scatter pulse area (FSC-A and SSC-A) and forward scatter pulse width (FSC-W) in this regard, we also elected to evaluate cellular autofluorescence in respect to cell size, as this characteristic, like scatter characteristics, can be measured without the addition of a reagent to the cell sample, eliminating the possibility that such a manipulation might affect volume.
We measured scatter and autofluorescence parameters in several different cell types, in a cell sorter, sorting cells from the low and high ends of one-and two-dimensional distributions in each case. We then measured the volumes of cells from the sorted fractions in a Coulter counter, determining for each cell type which single parameters and two-parameter combinations provided the most widely separated volume distributions.
Results and Discussion
Different scatter measurements approximate cell size to different extents To evaluate the relationship between light scatter parameters and cell size in mammalian cells, we set sort gates whereby the upper and lower 10% of the intensity distribution for different scatter parameters were sorted (the gating windows for FSC-A are shown in Figure 1A ). Volume measurements of sorted cell fractions were subsequently made on a Coulter Counter. We used the calculated percent overlap and the difference in median values (D median) between the measured volume distributions of the ''small'' and ''large'' sorted fractions to describe the quality of the separation based on various surrogate parameters. The same protocol was applied to L1210 mouse lymphoblasts, FL5.12 mouse pro-B lymphocytes and human HL60 promyelocytic leukemia cells in order to elucidate possible differences among cell types with respect to which parameter(s) provided the best indication of size ( Figures 1B, 1C, and 2) .
A gating strategy similar to that used for FSC-A was applied to the SSC-A parameter ( Figure 1C ). For all cell types examined, a 2-to 3-fold decrease in size overlap was found when sorting was based on SSC-A rather than FSC-A. Moreover, the D median between the two size distributions was significantly higher (.2 fold for FL5.12 cells) for the SSC-A based separation ( Figures 1B and  1C) . Results from three independent experiments for the three cell types are summarized in Table 1 .
We next investigated the relationship between the height and width of both FSC and SSC, and cell size. As shown in Table 1 , sorting based on either FSC-H or SSC-H significantly reduced the quality of the size separation for all cell types, as did utilizing SSC-W as the gating parameter. Sorting based on FSC-W ( Figure 2 ) clearly improved the size separation for both L1210 and FL5.12 (by .15%), with percent overlap reaching the lowest values of 8.5% and 15% respectively, but only minimally improved on the size separation achieved by SSC-A in HL60 cells.
The cell's autofluorescence can indicate its size
Due to intrinsic optical properties of intracellular materials, illumination of the cell will result in autofluorescence. The major sources of autofluorescence emission at visible wavelengths are small molecules, notably NADPH (the reduced form of nicotinamide adenine dinucleotide phosphate) and flavin coenzymes [8] . The spectral range and the intensity of autofluorescence are expected to be different for different cell types or for cells at different growth conditions. However, for a cell line at uniform growth conditions, the fraction of intracellular fluorescent components (in mass), out of the total substances of the cell, may not vary much. If this is the case, the cell's autofluorescence would be expected to correlate with its mass, and therefore with its size.
Using SSC-A and FSC-W as proven references for cell size (Figures 1 and 2) , we analyzed the correlation between these two parameters and autofluorescence (signal Area only) in L1210, FL5.12 and HL60 cells. We examined violet (405 nm)-excited blue (450 nm, 50 nm bandwidth) fluorescence, blue (488 nm)-excited green (530 nm, 30 nm bandwidth) and yellow (576 nm, 26 nm bandwidth) fluorescence, and yellow (594 nm)-excited red (660 nm, 20 nm bandwidth) fluorescence. Figure 3A and Table 2 show the correlations between SSC-A (plots i-iv) or FSC-W (plots v-viii) and autofluorescence. Correlation with both scatter parameters reached the highest R 2 value when autofluorescence was excited by the 405 nm laser and measured at 450 nm (plots i and v) or at 525 nm (data not shown).
We sorted cells with the 10% lowest and 10% highest 405 R 450 nm autofluorescence intensity, based on the area, the height, and the width of the signal, and measured the Coulter volume distributions of the sorted populations ( Figure 3B ). When sorting was based on the area of the signal (450/50-A) the quality of the size separation (estimated by the D median and the percent overlap between the two size distributions) was between 1.7-fold and 8-fold better than the separation achieved by the signal height (450/50-H) or the signal width (450/50-W) for all three cell types (Table 1) .
In L1210 and FL5.12 cells, separation was considerably better than that achieved by FSC-A and only slightly inferior to FSC-W and SSC-A based separation. For HL60 cells, 450/50-A-based sorting provided the best separation achieved in this study, with the lowest overlap (8.64%) and the highest D median value (587 fL) ( Table 1 , also see Figure 3B ).
These data indicate that 405 R 450 nm autofluorescence can serve as a surrogate for cell size measurement, at least for some mammalian cells, but that which parameter(s) is/are optimal for any given cell type are best determined empirically.
Flow cytometric cell size estimation my be improved by combining optical parameters FSC-W, SSC-A and 450/50-A autofluorescence, which all correlate well with the actual size of cells, reflect very different biophysical and biochemical characteristics, and are therefore likely to approximate size for different reasons. We therefore investigated whether a combination of optical cytometric parameters could provide more accurate information about cell size, and better separation, than a single parameter. Because the interface of our FACSAria sorter allows the user to set thresholds visually (through gates) but not numerically, we applied a sequential Boolean gating strategy to sort cells using a combination of parameters. Since FSC-W provided the maximum size separation on L1210 cells (Table 1) , we used L1210 for these experiments and set FSC-W as the first gating parameter. An additional gating strategy was used to rule out a gating artifact. We created a bivariate dot-plot with FSC-W and SSC-A. First we defined two gates (P1 and P2) capturing 20% of the cells with the lowest FSC-W intensity and two additional gates (P3 and P4) that captured 20% of the populations with the highest FSC-W intensity. Than we shifted the gates on the SSC-A axis to define four sorting gates that each capture 4% of the total population ( Figure 4B Figure 4A .
We next combined FSC-W and 450/50-A parameters, and SSC-A and 450/50-A parameters, as we had the FSC-W and SSC-A parameters. In both experiments, we observed two-step separation of sizes resulting in four distinct populations, with sequential Boolean and single bivariate gating producing similar results ( Figure 4C and Figures S1 and S2) .
As a control for the gating strategies just described, we combined FSC-W or SSC-A with 594 nm-excited autofluorescence at 650-670 nm (660/20-A or APC-A), a parameter we had shown to correlate poorly with both SSC-A and FSC-W ( Figure 3A and Table 2 ). 660/20-A is indeed ineffective for size separation ( Figure 4D ) and therefore is unlikely to substantially influence the separation achieved by FSC-W or SSC-A. Results as shown in Figure 4E 
Discussion
Here we show that SSC, cell autofluorescence and FSC-W are good proxies for cell size and can be used for size-based sorting in flow cytometry. We note, however, that before beginning experiments with cells, we measured FSC and SSC area, height, and width of four sizes of polystyrene beads (3, 5, 7 , and 10 mm diameter) on our cell sorter and verified that modal intensities of the peaks of all distributions increased monotonically with bead diameter (data not shown). This monotonic relationship does not exist for some FSC measurements made in other flow cytometers, and we would suggest that the validity of FSC-W be verified empirically for measurements made in such apparatus. We also note that FSC-A, although ordained by "common knowledge" as a preferable size measurement parameter, approximated cell size less well than other parameters, even in our instrument, in which a monotonic relationship with bead size was present.
Although old literature has linked SSC to total protein content of cells as measured using fluorescent dyes, and the latter parameter is accepted to be the primary determinant of cells' interferometric dry mass [17] , flow cytometric measurements of SSC have not been widely used to approximate cell size. In situations compatible with the addition of the necessary reagent, it could be worthwhile to reexamine the use of total protein staining as a size indicator.
Our demonstration of the use of violet (405 nm)-excited blue (450 nm) autofluorescence as a surrogate for cell volume naturally raises the question of why this parameter should be so well correlated with size; it is not within the scope of the present work to provide an answer. What we emphasize here is, first, that none of the four optical parameters (FSC-A, FSC-W, SSC-A, and 450/ 50-A) we investigated in four cell types provided the best indication of cell volume for all cell types and, second, that a combination of light scattering and fluorescence parameters was likely to approximate cell size of any given cell type better than any individual optical parameter.
It would, obviously, be preferable if size-based cell separation could be made simpler. Although we have recently made use of a highly accurate but technologically demanding electromechanical technique for determining the wet weights of individual growing cells [3] , we are not optimistic that this can be adapted to separation on anything like the scale possible using cell sorters. Conventional sorters that combined Coulter volume measurements and fluorescence measurements were built in laboratories in the 1970s; increased interest in cell size and its biological role might stimulate commercial production of such devices.
There is also the possibility that highly accurate and precise optical interferometric techniques for cell dry mass measurement, known for decades but greatly improved of late [17, 18] will be incorporated into the toolboxes of the current generation of sorters. In this context, dry mass-based sorting of X-and Ychromosome-bearing sperm has already been attempted [19] , and the demand for improvements of this technology in animal husbandry may, appropriately, provide cross-fertilization that will benefit cell and systems biologists. In the real world in which we live and work, however, cell sorters cost hundreds of thousands of dollars, and modifying them substantially costs tens of thousands of dollars. Most laboratories which now have cell sorters also have impedance-based cell counters or can acquire them for no more than a few thousand dollars, allowing reasonably good volume-based cell separation to be done as we have described with existing resources.
Conclusions
Although four optical scatter and fluorescence parameters (FSC-A, FSC-W, SSC-A, and 450/50-A) measurable in existing commercial cell sorters provide estimates of cell volume, an examination of electronic (Coulter) cell volume distributions in fractions of four mammalian cell lines sorted from the high and low ends of optical parameter distributions showed that no one parameter provided the best volume estimate for all four lines, and that combinations of parameters could estimate volume better than single parameters. At the present state of the art, similar empirical analyses can provide the best approximation to volumebased sorting that can be achieved with existing equipment. For initial size separation sorting we utilized a single parameter histogram with gates isolating the lower and upper 10% of the intensity distribution of the chosen parameter, unless otherwise indicated. Sequential boolean gating strategies are described in detail in the text (See Figure 4) . Light scatter parameters were measured using the 488 nm laser. Excitation/emission parameters are described in the text for each experiment. FACS data was prepared for presentation using FlowJo v. 8.1. The size distribution of the sorted cells was determined using the Z2 Coulter Counter and Multisizer III software (Beckman Coulter). Microsoft Excel was used for data analysis. 
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